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[1] The Particle Analysis by Laser Mass Spectrometry (PALMS) instrument has measured
the composition of single particles during a number of airborne and ground-based
campaigns. In the regions studied, 30% to over 80% of the aerosol mass in the free
troposphere was carbonaceous material. Most of this carbonaceous material was probably
organic. Although there were variations in their amounts, over 90% of accumulation mode
particles away from local sources were internal mixtures of sulfates and carbonaceous
material. Within this internal mixing, there was variation in the pattern of carbonaceous
peaks in the spectra, especially in peaks related to organic acids. Particles with a
biomass burning signature were a significant fraction of accumulation mode particles
even far from fires. The accumulation mode near the ocean surface off the coasts of
California and New England had significant numbers of carbonaceous-sulfate particles
whereas at Cape Grim, Tasmania, the organic-sulfate particles were apparently all smaller
than 160 nm. Three kinds of nitrate were evident: on mineral particles, on
carbonaceous-sulfate particles when the sulfate was fully neutralized, and at temperatures
below about 198 K. Most mineral particles showed evidence of the uptake of nitrates
and chloride. A peak that probably represents protonated pyridine appears in some spectra in
the free troposphere.
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1. Introduction

[2] The chemical composition of aerosol particles in the
atmosphere is important for a number of reasons. Without
attempting a complete review, a few of the reasons are:
understanding the atmospheric budgets of aerosols and the
associated light scattering [e.g., Hegg et al., 1997; Kinne et
al., 2005], the impact of chemical composition on the cloud
nucleating ability of particles [McFiggans et al., 2005b], and
the impact of heterogeneous chemistry on gas phase species
[e.g., Sommariva et al., 2004; Haggerstone et al., 2005;
Larmarque et al., 2005; Ravishankara, 2005].
[3] A variety of methods have been used on aircraft to

measure the chemical composition of particles. Filter sam-
pling is among the most accurate techniques for chemical
composition. Ion chromatograph measurements of extracts
from airborne filter samples have a long history [e.g., Lazrus

and Gandrud, 1974; Huebert et al., 1998; Dibb et al., 2003].
Organics have beenmeasured using either thermal analysis of
carbon released from filter samples [Novakov et al., 1997] or
infrared spectroscopy of concentrated impactor samples
[Maria et al., 2003]. Electron microscope analysis allows
distinguishing the components of individual particles at a
very fine level [e.g., Posfai et al., 1999; Okada et al., 2001;
Krejci et al., 2004]. The use of mass spectrometers to
measure the composition of atmospheric aerosols was
recently reviewed by Sullivan and Prather [2005], so a
comprehensive reference list will not be attempted here.
[4] With filter and impactor samples, the sample times tend

to be long enough that the aircraft flies tens to hundreds of km
during a single sample. Also, the samples are generally
warmed to room or aircraft cabin temperature before analysis.
This warming may be over 100 K for samples acquired near
the tropopause, possibly disturbing the composition. The
Particle Analysis by Laser Mass Spectrometry (PALMS)
instrument provides a unique combination of capabilities
for the airborne measurement of aerosol chemistry. Prior to
2005, it was the only instrument on board an aircraft that
could analyze more than one component of single particles.
Particle evaporation is reduced by in situ analysis on the
airplane with short residence times above ambient tempera-
ture. PALMS measures nearly all components of aerosols
from volatiles to refractory elements, including sulfates,
nitrates, carbonaceous material, sea salt, and minerals.
Single-particle measurements allow examination of how
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3Now at Eidgenössische Technische Hochschule, Zurich, Switzerland.
4Now at Department of Chemistry, University of Iowa, Iowa City, Iowa,

USA.
5Now at Hach Company, Loveland, Colorado, USA.
6School of Earth and Atmospheric Sciences, Georgia Institute of

Technology, Atlanta, Georgia, USA.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JD007340$09.00

D23S32 1 of 15

http://dx.doi.org/10.1029/2006JD007340


particles are mixed. Each particle is sampled at a well-defined
time, facilitating comparison with fast response gas phase
measurements. The primary disadvantage is that the results
are not as quantitative as, for example, filter measurements.
Recently, a Particle Into Liquid Sampler (PILS) [Weber et al.,
2001; Y. N. Lee et al., 2003] and an Aerodyne Aerosol Mass
Spectrometer (AMS) [Jayne et al., 2000; Bahreini et al.,
2003] have been flown on aircraft, including the NOAA P3
with PALMS. The 2004 study was the first time that an
airborne PILS water-soluble organic carbon (WSOC) ana-
lyzer was deployed (A. P. Sullivan et al., Airborne measure-
ments of carbonaceous aerosol soluble in water over
northeastern U. S. A.: Method development and an investi-
gation into WSOC sources, submitted to Journal of
Geophysical Research, 2006). Some comparisons between
PALMS and these instruments are presented later in this
paper.

2. PALMS Instrument Configurations

[5] The PALMS aircraft instrument was described by
Thomson et al. [2000]. Briefly, air is brought into the
aircraft nose or wing pod through a 5 cm duct at approxi-
mately aircraft speed (100 to 200 m s�1). The core of this
flow is sampled to bring particles to the instrument, where the
sample flow enters the vacuum system through a differen-
tially pumped vacuum inlet. Particles that cross a continuous
laser beam cause a burst of scattered light that triggers an
excimer laser. The excimer laser beam ablates and ionizes
some of the particle and the resulting ions are analyzed with a
time of flight mass spectrometer. Either positive or negative
ions may be analyzed from each particle. We usually express
the size of peaks as fractions of the total number of ions for a
given particle. This is because for similar particles the relative
peak sizes have been found to be more consistent than the
absolute number of ions formed from the laser pulse.
[6] The lower size limit for analysis by PALMS is set by

the signal-to-noise ratio of the trigger signal. The smallest
particles that could be detected even with low efficiency were
120 to 200 nm, depending on the flight, and particles larger
than 250 or 300 nm were readily detected. The upper size
limit was set largely by inlet transmission efficiency and was
usually over 2 �m. Particles large enough to be measured by
PALMS include most of the mass of particles in the free

troposphere and a significant fraction of the surface area but
not most of the number.
[7] A number of minor changes have been made to the

instrument between different missions, including different
inlets and the addition of a second laser beam for aerody-
namic particle sizing. Table 1 summarizes these changes as
well as some overall features of the different missions.
PALMS has flown in the nose of the NASAWB57F and in
a wing pod on the NOAA P3. Some of the properties of the
various inlets are as follows: From 1998 to 2001, PALMS
used a 30 cm long capillary that went directly from the duct
into the vacuum. The residence time in the capillary was
about 5 ms, with a complicated temperature profile that starts
with heating due to the aircraft velocity and changes to a
mixture of adiabatic cooling and heat conduction from the
walls further down the capillary. In 2002 and part of 2004 a
counterflow virtual impactor (CVI) inlet was used. The flows
were switched every few minutes from cloud nucleus (with
counterflow at the inlet tip) to interstitial (air drawn in at the
inlet tip) modes except during the ITCT mission, when the
cloud nucleus mode was not used. In order to evaporate ice,
in cloud nucleus mode the residence time was about 400 ms
at either about 280 K for the WB-57F or about 10 K above
ambient for the P3. In interstitial mode the temperatures were
similar but the residence time was reduced to about 100 ms to
limit loss of volatiles. There was about 50 ms of additional
residence time in tubing to PALMS at the aircraft nose
temperature, usually 250 to 285 K. For the 2004 Pre-AVE
mission there was a simple forward pointing inlet inside the
5 cm duct with a short conductive coated Teflon tube going
to the instrument. The residence time for this inlet was 10 to
50 ms at nose temperature (typically 250 to 275 K). For the
CVI and forward probe inlets, a separate aerodynamic
focusing inlet was used to bring the particles into the vacuum
system. The design, based on Schreiner et al. [1999], had a
residence time of about 20ms and a lower cut point below the
smallest particles detected by PALMS.
[8] The capillary inlet, with the shortest residence time and

least heating, was best at measuring the most volatile species
such as nitrate condensed on particles at ambient temper-
atures below 198 K [Murphy and Thomson, 2000]. However,
there were not obvious differences in the overall carbon to
sulfate ratios between the various inlets, so at least a fair
portion of the carbonaceous aerosol species must survive a

Table 1. Configurations of the PALMS Single-Particle Instrument

Mission Primary Location Aircraft
Most

Flights During
Usable

Mass Spectra
Sample and
Vacuum Inlet

Aerodynamic
Sizing?

Mission
Notes

WAM Houston, Texas WB-57F Apr–May 1998 27967 capillary no high-altitude aerosols
ACCENT Houston, Texas WB-57F Sep 1999 23139 capillary no includes rocket plume

intercept
Supersite Atlanta ground Aug 1999 489470 capillary no
ACCENT2000 Houston, Texas WB-57F Sep 2000 46268 capillary no
ITCT 2k2 Monterey, California NOAA P3 Apr-May 2002 275782 CVI (no counterflow)

and focusing
no Asian transport;

PILS onboard
CRYSTAL-

FACE
Key West, Florida WB-57F Jul 2002 14425 CVI and focusing a few convective outflow

emphasis
Pre-AVE Houston and San Jose,

Costa Rica
WB-57F Jan–Feb 2004 43735 forward probe

and focusing
majority upper tropical

troposphere
NEAQS-

ICARTT
Portsmouth,
New Hampshire

NOAA P3 Jul–Aug 2004 582861 CVI and focusing majority N. American transport;
AMS, PILS

CR- AVE San Jose, Costa Rica WB-57F Jan–Feb 2006 65887 CVI and focusing majority upper tropical
troposphere
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Figure 1. Examples of themost commonmass spectra of single particles in (a and b) positive and (c and d)
negative ion mode. The two positive ion spectra are distinguished by the large K+ peak and relatively less
sulfate in Figure 1b, indicative of biomass burning particles. These single-particle spectra were chosen to be
very close to the average of objectively determined clusters [Murphy et al., 2003].
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fraction of a second at about 265 K. The capillary inlet
undersampled small particles with an approximately
diameter cubed size bias. The aerosol focusing inlet has much
smaller biases and better overall particle transmission but
does not transmit particles much larger than 3 �m diameter.

3. Carbonaceous-Sulfate Mixtures

[9] One of the salient features of the mass spectra is how
many particles are internal mixtures of sulfates and carbona-
ceous material. Figure 1 shows some sample spectra of the
most typical particles. The largest peak in many positive ion
spectra is C+ from the extensive fragmentation of organic and
other carbonaceous molecules. The two examples show
spectra with and without a large K+ peak from biomass
burning [Hudson et al., 2004]. Although both particles
clearly have the largest peaks from carbon species, the
extensive fragmentation from the intense excimer laser pulse
means that most information about the molecular species is
lost. In such mixed particles, it is hard to tell if there is also
elemental carbon present, since the peaks it produces (C+, C2

+,
C3
+, etc.) can also be made from organic molecules. Pure soot

particles have a clear mass spectral signature but there are
probably many more mass spectra where the peaks from
elemental carbon are obscured by similar peaks from organic
molecules. For example, in Figure 1 we are not able to
determine the relative contributions of elemental carbon
and organics to the C2

+ peak.
[10] The negative ion spectra in Figure 1 both show

mixtures of carbonaceous and sulfate compounds. The neg-
ative mass spectra are much less sensitive to organics, so the
sulfate peaks are relatively much more pronounced. One

negative ion spectrum (Figure 1c) is most representative,
showing some carbonaceous peaks with little molecular
information. The other spectrum (Figure 1d) shows a wider
variety of organic and halogen ions. Some of the peaks such
as HCO2

�, the formate ion, probably represent fragments of
larger molecules rather than formic acid in the particle. Still,
the spectrum does show that there were oxygenated organics
present. This spectrum is very typical of particles observed
just below the tropopause, but can be found at lower altitudes
as well.
[11] By looking at many mass spectra, it is clear that most

particles are internally mixed, that is, they contain carbona-
ceous material and sulfates in the same particle. With varying
amounts of sulfate and carbonaceous material in each
particle, there is no simple definition of internal mixing.
Particles can be internallymixed in the sense that each particle
containsmore than one chemical component yet be externally
mixed in the sense that there are different types of particles in
the same air. Figure 2 shows the fraction of particles with at
least 10% of the ion current in either carbonaceous or sulfate
peaks. In each case the polarity has been chosen to be more
sensitive, so these criteria may represent as little as a few
percent of carbonaceous material or sulfate in a given
particle. Still, it is striking that most particles contain both.
The particles without sulfate at about 15 km are from biomass
burning plumes encountered in 2002 [Jost et al., 2004] and a
separate plume in 1998. Another fire plume is responsible for
some of the low sulfate fractions at about 4 km. Essentially all
particles above about 17.5 km contain sulfate. Except in the
stratosphere, most particles contain detectable amounts of
carbon compounds. The profile of carbonaceous material in
particles in the stratosphere is discussed separately [Murphy

Figure 2. Fractions of single-particle mass spectra containing some sulfate in the negative ion mode or
carbonaceous material in the positive ion mode. Each point is an average of 100 to 250 mass spectra at high
altitudes and 1500 to 5000 mass spectra at low altitudes, except the Atlanta point is an average over the
entire deployment with a bar showing the range of approximately half day averages.

D23S32 MURPHY ET AL.: TROPOSPHERIC AEROSOL PARTICLES

4 of 15

D23S32



et al., 2006a]. The low-altitude data from the eastern US are
consistent with our data from the Atlanta Supersite in 1999,
where most particles contained both sulfate and carbona-
ceous material [Lee et al., 2002].
[12] Even though these mixing results are not quantitative,

they still have an important implication for modeling cloud
formation. In order to model cloud formation, the water
uptake near 100% relative humidity has to be described.
For mixtures of comparable amounts of organic material and
sulfate, the water uptake by individual can be approximated
as a linear combination of the water uptakes of the sulfate and
a less hygroscopic organic fraction [e.g., Badger et al., 2005;
Garland et al., 2005; McFiggans et al., 2005b]. This
approximation breaks down for pure organic particles, which
in principle display a different water uptake for every
substance. At least for adipic acid, less than 10% sulfate is
needed to come close to the simpler linear mixing approxi-
mation for water uptake [Broekhuizen et al., 2004]. The
PALMS data show that most of the particles in the tropo-
sphere probably have sufficient sulfate for this to be a good
approximation. Actually, because it only considers sulfate,
Figure 2 understates the number of particles that contain ionic
material. For example, almost all of the 20 to 30% of particles
in the Los Angeles basin that did not have measurable sulfate
contained enough nitrate that they probably satisfied a linear
approximation to water uptake by mixed organic-ionic par-
ticles. The degree of internal mixing is not so perfect that
particle-to-particle variations in ionic and organic content are

unimportant to cloud formation. Instead, it means that the
extremes of pure sulfate or pure organic particles are uncom-
mon, so that if a cloud model only considers one or two types
of particles they should be internal mixtures.
[13] One other aspect of internal mixing is the frequency

with which low-volatility elements are detected (Figure 3).
At all altitudes, over half of the mass spectra usually contain
peaks that indicate that the particles contain more than the
sulfate, carbonaceous material, and other species that can
condense out of the gas phase. Potassium, mostly from
biomass burning, is the most common nonvolatile element.
In the stratosphere meteoric metals are present in about half
the particles in the PALMS size range. There are a wide
variety of other minerals and metals as well. Probably even
more particles contain nonvolatile material that does not
show up well in the mass spectra. One example is elemental
carbon, which is present in small amounts in many particles
even in remote regions [Posfai et al., 1999]. The presence of
so many particles with nonvolatile material means either that
a significant fraction of optically active particles are derived
originally from surface and other sources apart from new
particle formation, or that coagulation is fast enough to mix
particle types.
[14] Figure 4 shows comparisons between the relative

carbonaceous signal for PALMS versus AMS organic and
PILSwater-soluble organic carbon, each compared to sulfate.
The quantities are not strictly comparable: there are different
size biases in the instruments, notably the low sensitivity of
PALMS to particles less than about 300 nm diameter and
reduced sensitivity of the AMS to particles larger than
about 600 nm diameter. The PILS instrument reports the
atmospheric mass (�g m�3) of soluble inorganic ions and
water-soluble organic carbon (WSOC) particles. The AMS
instrument reports the atmospheric mass of various species as
derived from calibrations of the efficiency of volatilization
and ionization. The AMS organic and sulfate mass determi-
nations makes use of an approximate relationship between
the mass of a molecule and its electron impact ionization
cross section [Jimenez et al., 2003]. The PALMS data give
ion fractions. The carbonaceous negative ion fraction for
PALMS is expected to underestimate the organic content
because sulfates very readily make negative ions, particularly
HSO4

�. Thus it is expected that on Figure 4 most of the points
lie below a 1:1 line. The greater linearity of the PALMS-PILS
comparison may indicate simply that PALMS negative ions
and water-soluble organic carbon both underestimate the
organic content. However, there may be amore subtle reason:
laboratory studies with PALMS have shown that glycerol
produced negative ions more readily than tridecane. It may be
that the negative ions in PALMS are responding preferen-
tially to molecules also included in the PILS water-soluble
measurement.
[15] In direct comparisons of PALMS and AMS data using

laboratory-generated WSOC/sulfate particles, the relation-
ship between the PALMS carbonaceous/(carbonaceous +
sulfate) negative ions and AMS organic/(organic + sulfate)
was similar to that shown in Figure 4. Furthermore, the AMS
measured fraction was linear (r-squared of 0.95 and slope of
1.0 ± 0.1) compared to the actual fraction whereas the
PALMS ion fraction had varying amounts of nonlinearity
depending on the organic species. This is consistent with a
varying and generally lower sensitivity to organics compared

Figure 3. Fractions of positive ion mass spectra containing
some peaks that indicate material that must have come from
surface or extraterrestrial sources rather than condensation.
The most common such peaks are potassium in the tropo-
sphere and iron in the stratosphere. Particles with lithium,
sodium or patterns indicative of minerals or metals are also
included. Each point is the frequency in 100 to 400 mass
spectra at high altitudes and 1500 to 5000mass spectra at low
altitudes.
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to sulfate in the negative ion PALMS data. Much of the
scatter in Figure 4 can be explained by the different responses
of PALMS, PILS, and the AMS to different types of carbo-
naceous material. Using 5-min averages, the AMS organic
mass and PILS WSOC data on the NOAA P3 in 2004 in air
without a biomass burning influence were linearly correlated
with an r-squared of 0.57 and a slope of 2.1 ± 0.8 �g �gC�1.

This was not nearly as good as the PILS and AMS sulfate
correlation (r-squared of 0.80 and a slope of 1.0 ± 0.1).
[16] The comparisons of PALMS to AMS and PILS

(Figure 4) can be used to approximately calibrate the vertical
profiles shown in Figure 5. The fit shown in Figure 4b is
consistent with PALMS being about 7 times as sensitive to
sulfate as organics in the negative ion mode with a small
intercept because of carbonaceous material measured by
PALMS but not the AMS. A benefit of this approach is that
it uses organics in the atmosphere rather than idealized
laboratory particles. Figure 5b shows the ion ratios trans-
formed using the fit shown on Figure 4. PALMS has taken
data at higher altitudes and at particle concentrations that
would be below the detection limit of the AMS. The PALMS
carbonaceous/(carbonaceous + sulfate) negative ion ratios in
the upper troposphere of 0.2 to 0.4 suggest carbonaceous
mass fractions in the upper troposphere of 0.3 to 0.8, with a
wider range below 5 km. Approximately the same mass
fractions can be obtained by fitting the PALMS ion ratios
to the PILS water-soluble organic carbon multiplied by 1.5 to
2 to account for insoluble organics in the free troposphere
[Putaud et al., 2004]. The Atlanta Supersite data also support
a high organic fraction in the upper troposphere. Sulfate and
organic mass fractions were similar to each other in Atlanta
[Baumann et al., 2003], yet the PALMS carbonaceous
negative ion fractions in the upper troposphere were often
larger than the mean PALMS value in Atlanta.
[17] Even though PALMS cannot completely distinguish

organic and elemental carbon, several lines of evidence
support the idea that most of the carbonaceous mass in the
upper troposphere is organic. First, the PALMS carbon peaks
are correlated with both AMS and PILS. Such a correlation
would not be expected if PALMS had been measuring
primarily elemental carbon to which the AMS and PILS are
not sensitive. Second, electron microscope analyses by
Sheridan et al. [1994] at similar latitudes to our data found
that fewer than 1% of the particles in the upper troposphere
were soot. We also found that pure elemental carbon particles
were rare. AlthoughPosfai et al. [1999] found soot inclusions
in many particles in the remote free troposphere, it is also
clear in their data that these inclusions were not a large
fraction of the mass. Third, a large mass fraction of elemental
carbon in the upper troposphere would be inconsistent with
measurements of the nonvolatile fraction of particles there
[Clarke, 1993]. Novakov et al. [1997] estimated that 10% of
the carbon mass in the free troposphere was black carbon.
[18] Figure 6 shows the distribution of the PALMS carbo-

naceous/(carbonaceous + sulfate) negative ion ratio with
altitude and latitude. The stratosphere stands out as a region
of nearly pure sulfate particles. Otherwise, there is no simple
pattern, a consequence of the lifetime of aerosols in the
troposphere being short enough that their properties are not
smoothed out over North America. In the boundary layer at
40�N, one can find anything from nearly pure organics to
pure sulfates depending on time and location [Brock et al.,
2004]. The significant amount of carbonaceous material
throughout most of the free troposphere is consistent with
Novakov et al. [1997].
[19] Figure 7 shows the average carbonaceous/(carbona-

ceous + sulfate) negative ion ratio as a function of vacuum
aerodynamic diameter (proportional to diameter times den-
sity). The graph does not extend to the smallest particles

Figure 4. Comparisons of PALMS carbonaceous and
sulfate ion fractions to (a) PILS and (b) AMS mass fractions
during the 2004 P3 flights. Each point is an average of 300
mass spectra, or the spectra are averaged down to 25 bins
(solid lines). Solid points are times when acetonitrile was
greater than 300 ppb, indicating biomass burning influence.
In an attempt to use comparable size cuts, PALMS mass
spectra were not included for particles with aerodynamic
diameters larger than 750 nm for the AMS comparison and
1 �m for the PILS comparison. Only times with organic
plus sulfate loadings of greater than 1 �g m�3 for AMS or
0.5 �g m�3 for PILS were included. The dotted line in
Figure 4b shows a smooth fit used in Figure 5.
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measured by PALMS because of composition biases there. At
a given aerodynamic diameter, a high-density particle will
have a smaller geometric diameter andmay not be detected as
easily by the continuous laser. Even allowing for this effect, it
appears that the smallest particles have larger carbona-
ceous content, as observed at ground and mountain sites
[McFiggans et al., 2005a]. Sea salt and dust are excluded
from the figure, an important consideration when interpreting
the data above 1 �m, where the higher carbonaceous content
near the ground may indicate a primary source of carbona-
ceous particles.

4. Nitrate

[20] Nitrate was much less common than sulfate. In our
airborne data to date, the only low-altitude locations with
nitrate consistently exceeding sulfate were certain parts of the
boundary layer over southern California [Neuman et al.,
2003]. Nitrate is predicted to become more important relative
to sulfate in the future because of relatively lower sulfate
emissions [Liao and Seinfeld, 2005]. The basic thermody-
namic prediction at temperatures above about 200 K is that
nitrate is stable on sulfate particles only when they are fully
neutralized [Bassett and Seinfeld, 1984]. The PALMS data on
nitrate are in accord with this prediction. Nitrate was almost
always present in one of three conditions: mixed with sulfate

Figure 5. (a) Vertical profile of the fraction of carbonaceous ions based on negative ion mass spectra.
Although many peaks were considered, the peaks contributing the most carbonaceous ion signal were C�,
C2

�, C2H
�, and CN�. The most important sulfate peak was HSO4

�. Each point is an average of 100 to 250
mass spectra at high altitudes and 1500 to 5000 mass spectra at low altitudes, except the Atlanta point is an
average over the entire deployment with a bar showing the range of approximately half day averages. (b) Ion
ratios transformed to approximate mass fraction using the fit of the PALMS to the AMS data shown in
Figure 4b.Mass fractions below about 0.3 are especially uncertain because the negative ionmass spectra are
not well suited to small organic fractions, and the fit in Figure 4b is nearly horizontal at small mass fractions,
implying great uncertainty when it is inverted.

Figure 6. An altitude-latitude cross section of the fraction
of carbonaceous ions based on negative ion mass spectra, as
shown in Figure 5.
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and carbonaceous material in areas where the aerosol was
fully neutralized, on mineral particles where cations other
than ammonium can stabilize the nitrate, or near a cold
tropopause. Nitric acid has also been detected on ice crystals
near the tropopause [Popp et al., 2004; Ziereis et al., 2004].
Nitrate can also replace the chloride on sea salt [Gard et al.,
1998], but since very few sea salt particles are found in the
free troposphere this form of nitrate was less important for the
aircraft data described here.
[21] The choice of nitrate peaks in the mass spectra is

complicated. Negative ion masses 46 and 62 are almost
always due to NO2

� and NO3
�. These peaks seem to be due

only to nitrates. However, NO2
� and NO3

� are not ideal
because they tend to be very small peaks. Nitrates also
produce O� but that peak is not unique to nitrate.
[22] A prominent peak in the positive ion spectra is often

NO+. Using another single-particle mass spectrometer
(ATOFMS), NO+ was identified as originating from nitrate
[Pastor et al., 2003] by comparison to impactor (MOUDI)
measurements of nitrate. In our case, althoughNO2

� andNO3
�

were correlated with PILS and AMS nitrate, the NO+ peak
was not well correlated. There are two possible explanations
for the difference between our results and Pastor et al. First,
the ionization is somewhat different. PALMS uses about a
factor of ten higher laser intensity than ATOFMS as well as a
shorter wavelength ionization laser (193 versus 266 nm).
This could lead to more fragmentation and rearrangement.
Second, it seems likely that NO+ is indeed formed from
nitrate but also can be formed with lower efficiency from

ammonium and possibly other nitrogen containing mole-
cules. PALMS laboratory spectra of (NH4)2SO4 particles
have a large NO+ peak. Pastor et al. [2003] sampled an
environment rich in ammonium nitrate where a contribution
to NO+ from ammonium would reinforce rather than destroy
the correlation with nitrate. In the free troposphere with only
occasional nitrate, even a small contribution from ammonium
would obscure the relationship of NO+ to nitrate.
[23] Despite the issues in choosing the best peaks to

represent nitrate, there are clear patterns in the mass spectra.
Figure 8 shows the relative size of the NO2

� and NO3
� in

single particles as a function of the bulk ammonium to sulfate
ratio measured by PILS. The data are separated into
mineral particles (Figure 8, top) and mostly carbonaceous-
sulfate particles (Figure 8, bottom). Nitrate was present on
mineral particles regardless of the overall acid balance of the
bulk aerosol. On the other hand, when nitrate was found on
carbonaceous-sulfate particles, it was almost always when
the sulfate was fully neutralized. Of the few nonmineral
particles that contained nitrate when the sulfate was not
neutralized, many either had peaks indicative of phosphorus
(PO2

� and PO3
�) or elemental carbon. Of the remainder, there

is the possibility that our use of silicon as a criterion to
excludemineral particlesmay have let through a few particles
with, for example, calcium nitrate but no silicon.
[24] The third region where we have found nitrate on

particles is at the tropopause, where there was uptake of
nitric acid onto particles when the ambient temperature was
below about 198 K [Murphy and Thomson, 2000] (aircraft

Figure 7. Fraction of carbonaceous ions in negative ion
mass spectra of mixed carbonaceous-sulfate particles as a
function of vacuum aerodynamic diameter. The three
NEAQS altitude ranges are from periods with acetonitrile
less than 160 pptv.

Figure 8. Fraction of ion current in the two most important
negative ion nitrate peaks. The spectra have been sorted to be
out of clouds (relative humidity less than 93%), have signal to
noise greater than about 50, and be out of strong biomass
burning plumes (acetonitrile less than 250 ppb). Mass spectra
with mineral peaks have about 50 times the nitrate signal of
particles without mineral peaks, and they continue to contain
nitrate when the sulfate is not fully neutralized. Each point
with mineral peaks is an average of 200 spectra, and each
point without mineral peaks is an average of 4000 spectra.
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temperature data have been updated to change the threshold
from the 195 K stated in that paper). The nitric acid is volatile
enough that it could only be measured using the capillary
inlet with the very short residence time.

5. Mineral and Salt Particles

[25] In our first field measurements at a mountain site in
Colorado, we found that coarse mode mineral particles often
contained nitrate [Murphy and Thomson, 1997]. Indeed, in
flow conditions that excluded local pollution, sorting the
database for mass spectra with silicon peaks or for spectra
with nitrate peaks yielded much the same sets of particles.
The partitioning of nitric acid between particles and the gas
phase means that nitrate can migrate from acidic particles to
ones where the nitrate can be stabilized as calcium nitrate or
other species. In contrast, there was much less sulfate in the
mineral particles. Once sulfate is on a particle, it cannot easily
migrate, so it stays on the accumulation mode particles with

most of the total surface area. The airborne data continue this
pattern.
[26] Mineral particles show up both in the positive ion

spectra (Al+, Ca+, Fe+, etc.) and the negative ion spectra
(SiO2

�, SiO3
�, AlO�, etc.). The negative ion silicon peaks are

more unique to mineral dust than the positive ions, for which
there are often either other ions at the same mass (e.g., 28Si
and CO+) or other sources (e.g., Na in both mineral dust and
sea salt). Therefore we use SiO3

� as an indicator of mineral
particles. By this criterion, both dust and fly ash are probably
counted as mineral. For the 2004 NEAQS data set above
200 m (this excludes final approaches to airports and the very
lowest altitude data over the ocean) there were 369 negative
ion spectra smaller than 1 �m aerodynamic diameter and 779
larger than 1 �m that had a SiO3

� peak of at least 1% of the
total ion current. Because of size biases in the PALMS inlet, it
is not valid to compare the absolute numbers of mineral
particles below and above 1 �m. However, the size biases
should be similar for mineral and nonmineral particles so it is

Figure 9. Average negative ion mass spectra of silicon-containing particles during the 2004 NEAQS
experiment. Nitrate and/or chlorine peaks were present in the majority of such mass spectra.
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relevant that 9% of particles larger than 1 �m produced a
SiO3

� peak whereas fewer than 0.2% of those smaller than
1 �m produced that peak. Figure 9 shows average mass
spectra of particles with a SiO3

� peak. Most notable are the
large NO2

�, HSO4
�, and Cl� peaks in the average mineral

spectra.
[27] Of the particles with silicon, 61% of those smaller than

1 �m and 78% of those larger than 1 �m also had measurable
NO2

� or NO3
� peaks from nitrate. In contrast, of particles

without SiO3
� only 6% and 39% smaller or larger than 1 �m

had NO2
� or NO3

� (n = 234873 and 7505 respectively).
Chlorine was also common in the mass spectra of mineral
particles: 54% of those smaller than 1 �m and 74% of those
larger than 1 �m contained chlorine. There was probably less
chloride than nitrate on the mineral particles because not only
are the average chlorine peaks smaller but also in negative ion
mode PALMS is likelymore sensitive to chloride than nitrate.
The mass spectra of smaller mineral particles show more
sulfate than those of larger particles, which is consistent with
the relative amount of sulfate being determined by the surface
to volume ratio.
[28] The uptake of nitrate by mineral particles has been

measured many times, including single-particle electron
microscope data that are more quantitative than the mass
spectra presented here. Scavenging of nitrate by dust is
important in Asian outflow [Y. N. Lee et al., 2003; Kline et
al., 2004]. The significance of the mass spectra here is how
widespread the association between mineral particles and
nitrate was over the northeastern United States as well as
earlier measurements in Colorado.

[29] The association of chloride with mineral particles has
been noted less frequently. Li and Winchester [1993] inferred
scavenging of chloride by dust particles in the Arctic. Faude
and Goschnick [1997] measured chlorides at the surface of
dust particles. Aymoz et al. [2004] measured more chloride in
a Saharan dust plume than expected for halite minerals.
Zhang and Iwasaka [2001] measured chlorine on dust
particles in Japan. The amount of chloride was nearly as
much as sulfate, and single-particle electron microscopy
showed that much of the chlorine had been deposited from
the gas phase rather than coming from coagulation with sea
salt particles. Scavenging of chlorine from the gas phase by
minerals is often thermodynamically favorable [Kelly and
Wexler, 2005].
[30] The PALMS data are consistent with deposition of

chloride from the gas phase. First, the chlorine was present as
small peaks in many mass spectra, an indicator of uptake
from the gas phase. Second, there was often chloride on
mineral particles without peaks characteristic of sea salt or
other chloride-containing particles that might have coagu-
lated with the mineral particles. Most of the mineral particles
described here were measured over the continental United
States, where coagulation with sea salt is not expected to be
important. Although internally mixed mineral and sea salt
particles were found in air that had spent days in the tropical
marine boundary layer [Andreae et al., 1986], they were rare
in the free troposphere over Japan [Trochkine et al., 2003].
[31] Almost all sea salt particles were observed near the

ocean surface. Far fewer than 1% of the particles measured in
the free troposphere were sea salt. Figure 10 shows the
fraction of particles that were classified as sea salt as a
function of diameter for low-altitude airborne data off New
England. This is a very different pattern than observed at
Cape Grim, Tasmania, where mass spectrometer, electron
microscope, and thermal volatility measurements all sug-
gested that essentially all particles larger than about 120 nm
contained sea salt [Murphy et al., 1998b]. Less pollution,
higher wind speeds, and a longer fetch over the ocean all
contribute to a higher fraction of sea salt aerosols at a given
size. Aerodynamic sizing was not used in the 2002 measure-
ments off the California coast, but the optical sizes derived
from the light scattered by each particle suggest that region
was intermediate: the accumulation mode appeared to be an
external mixture of modified sea salt and carbonaceous-
sulfate particles.

6. Other Mass Spectral Patterns

[32] The mass spectra contain a rich amount of information
on the particle composition. Some of the better understood
patterns have already been published: halogen ions in the
marine boundary layer and near the tropopause [Murphy et
al., 1997; Murphy and Thomson, 2000], biomass burning
signatures [Hudson et al., 2004], meteoric metals [Murphy et
al., 1998a], and mercury [Murphy et al., 1998a, 2006b]. A
few other special peaks are presented here.
[33] CN� is an important peak but its interpretation is not

clear. It was often the largest negative organic ion and was
even the largest peak in many negative ion spectra. There is
some contribution tomass 26 fromC2H2

�, but the relative size
of 26 to 25 (C2H

�) makes it clear that the majority of the ion
current at mass 26 is CN�. When the CN� peak is large, its

Figure 10. Fraction of sea salt particles in the marine
boundary layer near New England. These are 400 particle
averages of all mass spectra over the ocean, below 1 km, out
of cloud, and with a dew point greater than 12.5�C. The
PALMS inlet runs in a pressure rangewhere the conversion of
aerodynamic to geometric diameter goes as approximately
the density to the first power, so the transition point is much
smaller than 1 �m in geometric diameter.
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identity can be confirmed with mass 27 from the 13C and 15N
isotopes. There was also often a peak at mass 42 that is
probably CNO�. The nitrogen cannot be coming from
residual air in the ion source because there is no CN� peak
in the laboratory mass spectra of a variety of organic particles
that do not contain nitrogen. The question is whether the CN�

indicates that there were carbon-nitrogen bonds in the organic
molecules. Limited laboratory data suggest that CN bonds
can be formed during the laser ionization, but some of the
CN� may come from amides, amines, or other forms of
organic nitrogen in the particles [Milne and Zika, 1993;
Angelino et al., 2001; Cornell et al., 2003].
[34] One of the more common patterns negative ion

organic peaks was a set of organic acid fragments in addition
to or often in place of the small fragments shown in Figure 1.
About 10% of negative ion mass spectra between 5 and
15 km contained organic acid peaks. The pattern was less
frequent at low altitudes, but was still present in ground-
based data in Atlanta, where the organic acid peaks were
largest between 6 and 10 am local time [S. Lee et al., 2003]. A
sample of this organic pattern from the midtroposphere is

shown in Figure 11. The formate, acetate, and some further
acid peaks are most likely fragments of larger acids. The ions
indicative of the potassium salts of sulfuric and probably
succinic acid were common but not universal in such spectra.
[35] As in Figure 11, mass spectra with organic acid peaks

typically had a very large sulfate peak. Both sulfate and
organic acids can be formed by liquid phase chemistry in
clouds [Ervens et al., 2004]. Although at 1.2 �m this
particular particle was larger than most, such spectra were
on average slightly larger than other carbonaceous-sulfate
particles measured by PALMS, which is also consistent with
cloud processing. Spectra rich in organic acids were found in
a slightly higher fraction of particles within biomass burning
plumes than outside them. Their nitrate content was similar to
other particles. With large sulfate peaks and similar nitrate
peaks, spectra with organic acids had to have relatively less of
something else. That decrease was in the small organic
fragments such as C2

� and CN�.
[36] The various organic acid negative ions (monoacids at

45, 59, etc; diacids at 89, 103, 117, etc.; 155 probably
KOOCC2H2COO

�) all had similar vertical profiles with

Figure 11. An example of a negative ion mass spectrum showing mixed sulfate and organic acid
fragments. The small signals are a large number of small organic peaks, not noise.

Figure 12. An example of a positive ion mass spectrum showing probable pyridine.
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broad maxima in the free troposphere. They formed a 2 to 5
times higher fraction of the ions at 4 to 10 km than in the
boundary layer. Their abundance fell off again in the strato-
sphere. No fine structure within the troposphere could be
discerned because different altitudes were sampled in
different regions and indeed from different aircraft. Only
the decreases at the top and bottom of the vertical profile were
robust over all the missions. Oxalic acid has a special
importance since it can heterogeneously nucleate ice [Zobrist
et al., 2006].
[37] A fairly unusual but interesting peak in the mass

spectra is an isolated positive ion peak at mass 80, some-
times accompanied by a peak at mass 94 (Figure 12). Such
spectra were very rare in the stratosphere and below 1 km.
They reached a maximum of about 1% of the particles at
about 10 km during the ACCENT mission. In the 2004
NEAQS data (for which aerodynamic diameters are avail-
able) many of these particles were larger than 1 �m. In these
spectra mass 80 cannot be SO3

+ because the mass 82 peak is
too small for the 34S isotope. A tentative assignment is
protonated pyridine. Pyridine has a high proton affinity and
protonated pyridine is the most abundant positive core ion in
the free troposphere [Eisele, 1988; Schulte and Arnold,
1990]. Figure 12 also shows prominent peaks at masses 27
and 53, which are the most abundant fragment ions fromMS-
MS of protonated pyridine [Eisele, 1988].
[38] Even though the extrapolated vapor pressure of

pyridine is far too high for simple condensation [Chirico et
al., 1996], it is not too surprising that pyridine can partition to
aerosols at cold temperatures, especially if the particles
contain organics. What is more surprising is that there could
be enough pyridine in a particle for it to be the largest peak in
the mass spectrum. One possibility is that the semivolatile
pyridine migrates between particles until it has high concen-
trations in certain favorable particles. Another possibility is
that the spectra with protonated pyridine as the largest peak
were from particles where the combination of laser power,
particle composition, and particle size led to more ion-neutral
reactions during the laser ablation and ionization. Then the
very high proton affinity of pyridine could allow it to be the
most abundant positive ion even if it were not the most
abundant constituent of the particle. Still, there would have to
be enough pyridine in the particle to make that many positive
ions.
[39] Some order of magnitude calculations support enough

pyridine to account for the isolated mass 80 peak. Schulte and
Arnold [1990] estimated a gas phase pyridine abundance of
1.6 pptv and Tanner and Eisele [1991] estimated 2.5 pptv.
That is roughly 0.3% of a total particle mass loading of 1 �g
m�3 at standard conditions. If 1% of the particles contained
5% pyridine the amount would be less than the gas phase
concentration. At a mixing ratio of 2 pptv, pyridine can add
0.1% mass to a 1 �m particle in as little as an hour, so there is
plenty of time for some gas-particle partitioning to take place
even though equilibration between particles is very slow at
part per trillion gas concentrations. The pyridine was clearly
not coming directly from anthropogenic sources since such
mass spectra were rare when gas phase benzene was larger
than about 60 pptv.
[40] A final comment on patterns in the mass spectra is that

this overview naturally concentrates on a limited number of
patterns in the mass spectra. One measure of this is that

cluster analysis techniques normally can put over 99% of the
mass spectra into about 20 clusters, and even some of these
are not distinct types (i.e., separate clusters for carbonaceous
material with sulfate versus sulfate with carbonaceous mate-
rial). However, with over a million mass spectra, we have
hundreds of mass spectra of very unusual particles. There is
an astonishing variety to these. Except for the less common
rare earth elements and the noble gases, almost every element
has beenmeasured in a least a fewmass spectra. This includes
some heavy metals such as thallium, uranium, and thorium. It
is not really surprising that a sensitive analytical technique
will see unusual results given a sufficiently large sample size.
The presence of rare particles is not significant for mass
budgets, direct radiative forcing, or global aerosol modeling.
The most plausible atmospheric importance for rare particles
is probably ice nucleation, which can occur on fewer than one
in a thousand particles. Another significance for rare particles
is the interpretation of other analytical techniques as they are
pushed to low detection limits. For example, at the one in a
thousand level, an optical particle counter sampling ambient
air might encounter not only transparent and absorbing
particles but also metallic particles with possibly unusual
optical properties.

7. Discussion and Conclusions

[41] Bates et al. [2006] proposed a minimum set of types
of particles that are sufficient to describe optical properties
observed in several recent field experiments. These types are
submicrometer carbonaceous-sulfate mixtures, submicrom-
eter and supermicrometer mineral particles, and supermi-
crometer sea salt. The PALMS results are quite consistent
with this set. A submicrometer sea salt mode might also be
needed in areas not downwind of continents. On the other
hand, the high degree of internal mixing of carbonaceous
material and sulfate is not consistent with global aerosol
models that carry carbonaceous material and sulfates sepa-
rately. Whether or not this matters depends on the details of
the treatment of aerosol properties. For nonabsorbing par-
ticles, the overall aerosol optical depth is not very sensitive to
the degree of internal or external mixing [Quinn et al., 2005;
Baynard et al., 2006]. A full treatment of cloud nucleation
would be sensitive to the degree of mixing, but many global
models use empirical correlations that presumably include
the impact of whatever internal mixing was present in the
field data used to generate the empirical correlations. As
cloud formation in global models moves to more physically
based parameterizations the models will have to do a better
job of simulating the internal mixing of carbonaceous mate-
rial and sulfates.
[42] The high degree of internal mixing of carbonaceous

material and sulfates is consistent with tandem differential
mobility analysis of water uptake of particles. Outside of
urban areas, such analyses have often identified more than
one hygroscopic mode, but a summary of the data in remote
areas shows that multiple modes are present only a minority
of the time, and even when present a hygrophobic mode is a
small minority of the particles [McFiggans et al., 2005b]. An
important subtlety is that the spread of hygroscopicity within
a single mode can still be important for cloud formation
[McFiggans et al., 2005b], so the PALMS data do not mean
that all particles are alike for cloud formation.
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[43] With the high degree of internal mixing between
carbonaceous material and sulfates, one might expect that
clouds would scavenge them with similar efficiency. The
limited observations show cases of both similar and different
cloud activation or scavenging efficiencies for carbonaceous
material and sulfate. Nearly complete activation of particles
larger than 200 nm was observed at Jungfraujoch, indepen-
dent of particle composition [Baltensperger et al., 1998]. In
contrast, at Puy de Dome, Sellegri et al. [2003] found much
higher scavenging efficiencies for inorganic ions in the
accumulation mode (76–93%) than for organic species
(14%). Elemental carbon was scavenged with intermediate
efficiency (33–74%). In other studies, water-soluble organ-
ics were found to be scavenged with higher efficiency than
insoluble organics [Facchini et al., 1999; Limbeck and
Puxbaum, 2000]. There are several possible ways to resolve
internal mixing and differential scavenging. Unfortunately,
without better data the explanations are only speculation.
There is of course the possibility that the particles were
different at those sites than at the locations observed by
PALMS. Puy de Dome has a rather high fraction of water
insoluble carbon [Sellegri et al., 2003]. Also, PALMS
observes the presence of carbonaceous material with sulfate
in the same particles but seldom identifies the type of
organics. There might be different populations of carbona-
ceous particles with different water solubility, perhaps driven
by polar semivolatile organics being better solvated in
particles with polar organics and vice versa. The tandem
differential mobility hygroscopic analyses do not support this
as being a common occurrence, however. Finally, the kinetics
of cloud activation might make scavenging sensitive to small
changes in composition, such as surface-active compounds,
that PALMS does not readily differentiate from other carbo-
naceous material.
[44] Carbonaceous-sulfate mixtures are the dominant type

of 200 to 1000 nm particles in the atmosphere in the free
troposphere in all locations studied so far. Although the
proportions of carbonaceous material and sulfate vary con-
siderably, most particles contain at least some of both. Some
of these mixed particles are attributable to condensation on
nonvolatile cores such as meteoric material and potassium
from biomass burning. Others contain nothing else observ-
able except carbonaceous material, sulfates, and nitrates.
Mineral dust and sea salt are the major other types of
observed particles. These undergo important uptake of ni-
trate, chloride, and other species. Beyond those, there is a
wide range of rare particle types. If the carbonaceousmaterial
includes organics at the surface of the particles, then hetero-
geneous chemistry of the particles may be significantly
different than for pure sulfate particles [e.g., Brown et al.,
2006].
[45] One of the key outstanding questions is the degree of

internal and external mixing of black carbon and other light
absorbing material. The nature of light absorption in small
particles means that the total amount of light absorbed is
sensitive to this mixing [Martins et al., 1998]. Other instru-
ments will be needed to distinguish light absorption at the
single-particle level.
[46] Another outstanding issue is the reason for the large

carbonaceous fraction in the free troposphere. Sulfate is
produced in the free troposphere starting from the oxidation
of SO2 by OH. All else being equal, the carbonaceous

fraction would decrease with altitude. Lofted biomass burn-
ing plumes may contribute to the carbonaceous material but
cannot be the only explanation because the majority of
carbonaceous-sulfate particles in the upper troposphere did
not contain potassium. One possible explanation is formation
of secondary organic particulate matter in the free tropo-
sphere [Heald et al., 2005]. Slower scavenging of carbona-
ceous material compared to sulfate by both liquid and ice
[Cziczo et al., 2004] clouds could also help maintain a large
carbonaceous fraction.
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